Sex dependence and temporal dependence of the left ventricular genomic response to pressure overload. Physiol Genomics 12: 113-127, 2003. First published November 26, 2002 10.1152/physiolgenomics.00046.2002To characterize responses of the left ventricle (LV) to pressure overload at the genomic level, we performed high-density microarray analysis on individual mouse LVs. Male and female mice underwent transverse aortic constriction. At 1 day and 30 wk, the LV free wall was harvested and RNA isolated from 27 individual ventricles was analyzed on Mu74Av2 GeneChips, which contain ϳ12,483 distinct genes. Interestingly, a greater number of genes was regulated in response to acute overload than in response to chronic overload. Hierarchical cluster analysis revealed the presence of several distinct expression profiles. Of these clusters, the majority contained genes that were regulated either in response to acute overload or both acute and chronic overload. In addition, clusters revealing sex-specific responses to overload were detected. In summary, the acute and chronic genomic responses to pressure overload are distinct. Moreover, sex modifies these responses. Furthermore, these studies have uncovered several novel and potentially important genes that are regulated in response to overload and may open unrecognized avenues for further functional analysis. genomics; hypertrophy; myocyte; gene expression; pressure overload; sex differences THE HEART RESPONDS TO AN INCREASE in load, such as that produced by aortic constriction or hypertension, through cardiac hypertrophy (14). Several genes that are associated with the hypertrophic response have been identified (12). Despite this, heart failure secondary to cardiac hypertrophy remains a significant clinical problem, suggesting that the major pathways involved in the process remain to be elucidated. Furthermore, studies have documented sex differences in the adaptive response of the heart to load (8, 23, 15) . The molecular basis for and the extent of these differences across a large proportion of the genome remains incompletely defined.
ences across a large proportion of the genome remains incompletely defined.
Cardiac myocytes respond to acute biomechanical load within minutes, and a variety of signaling mechanisms can be biomechanically activated (27, 28) . On this basis, we sought to characterize the acute response of the LV to pressure overload on a genomic level. We speculated whether these acutely regulated genes persist, or whether an additional set of genes is involved in the maintenance of chronic pressure overload hypertrophy. To this aim, we used the well-established transverse aortic constriction model of pressure overload hypertrophy in mice (9) . We performed DNA microarray analysis on individual LV samples in each group to obtain statistically based insight into gene expression. Furthermore, we compared gene expression in male and female animals to yield additional information on genome-wide sex-dimorphic responses to pressure overload. These results demonstrate temporal-and sex-dependent components of the genomic response to pressure overload that open unrecognized avenues for further functional analysis.
MATERIALS AND METHODS
Animal surgery. All animal procedures were approved by the Harvard Standing Committee on Animals. Male and female FVB mice (Jackson Laboratories) underwent transverse aortic constriction (9) at 8 wk of age under ketamine and xylazine anesthesia. Additional mice underwent the identical surgical procedure without placement of the aortic band to serve as age-and sex-matched sham-operated controls. Mice were randomized to acute (1 day after banding) and chronic (30 wk after banding) pressure overload or sham groups.
Echocardiography. To assess left ventricular (LV) mass and geometry (17) , echocardiographic analysis was performed with spontaneous respiration under light anesthesia using intraperitoneal pentobarbital titrated to maintain a heart rate Ͼ400 beats/min. Short-axis two-dimensional images using an [8] [9] [10] [11] [12] MHz transducer placed at the midpapillary levels of the LV were stored as digital loops.
RNA extraction. The heart was removed, and left and right ventricle were dissected and weighed. The free wall apical portion of the LV was isolated and frozen in liquid nitrogen for RNA extraction. RNA was extracted using TriReagent (Sigma). RNA concentration was determined by optical density at 260 nm, and quality was confirmed by denaturing agarose gel electrophoresis and visualization of distinct 28S and 18S ribosomal RNA. Eight micrograms of total RNA from individual hearts was used for microarray analysis.
A total of 27 LV samples were used for microarray analysis. Each of the 27 LV samples was hybridized as an individual sample to a single microarray chip. LV samples from male and female mice that underwent transverse aorta constriction (banded) or sham operation (sham) were collected 1 day after surgery (acute pressure overload) [male sham (MS), n ϭ 2; male banded (MB), n ϭ 4; female sham (FS), n ϭ 3; female banded (FB), n ϭ 3] and 30 wk after surgery to represent chronic compensatory LV hypertrophy (MS, n ϭ 6; MB, n ϭ 3; FS, n ϭ 3; and FB, n ϭ 3).
Oligonucleotide arrays. Affymetrix Oligonucleotide Murine Genome U74A Array version 2 (MG-U74Av2) array chips, which contain ϳ12,483 known genes and expressed sequence tags (ESTs), were used in these studies. Each gene or EST is represented on the chip by 16 probe pairs. Each probe pair consists of a 25-bp oligonucleotide sequence that is a perfect match to the gene of interest and a 25-bp oligonucleotide containing a single base mismatch at bp 13. Affymetrix GeneChip analysis was performed according to recommended procedures. Briefly, total RNA was reversetranscribed to double-stranded cDNA (Life Technologies), and biotinylated cRNA was generated by an in vitro transcription reaction (Enzo). Labeled cRNA was purified (Qiagen), fragmented by alkaline treatment, and hybridized to a GeneChip array overnight at 45°C. The array was washed, stained with streptavidin-phycoerythrin, and scanned. Each array was scanned twice, and an average intensity for each probe pair was generated. Data were first analyzed using Affymetrix Microarray Suite (MAS 4.01) to assess quality of RNA and hybridization. Further analysis was performed using dChip (Wong, http://www.biostat.harvard.edu/ complab/) (13) and GeneSpring software (Silicon Genetics).
dChip was used to evaluate performance of probe pairs. dChip uses a probe sensitivity index to describe the performance of each probe pair and estimates a model-based probe expression index to determine possible cross-hybridizing probes and other artifacts. In addition, it provides standard errors for the model-based expression as a measurement of accuracy. These standard errors are also used to estimate confidence intervals of the fold changes and for clustering. A running median smooth line method is applied for normalization between different individual arrays.
Data analysis. All genes identified as "absent" in all 27 arrays were eliminated. To estimate fold changes, all negative values were brought to 0. The genes that were differentially expressed between each experimental group (banded, sham, acute, chronic, male, female) were identified by querying for transcripts that were present in at least one of the samples compared and had a 90% probability of changing at least 1.2-fold (90% lower bound cut off). Hierarchical clustering was performed after three additional filtering criteria were applied. 1) A gene had to be present in at least 2 of the 27 samples.
2) The ratio of the standard deviation to the mean of expression of a gene across all samples was greater Values are given for individual mice used for microarray analysis 30 wk after aortic banding (chronic pressure overload). Mean values Ϯ SE are also given. Data were analyzed by Student's t-test between female banded and female sham mice and between male banded and male sham mice. Data were also analyzed by two-factor ANOVA among all four groups. When the ANOVA F value was significant, the significance of the two factors (sex, aortic banding) and their interaction were investigated. P Ͻ 0.05 was considered significant. Body Wt, g; LV Wet Wt, postmortem left ventricular (LV) wet wt, g; LV/BW, postmortem LV wet wt/body wt, mg/g. Echocardiographic measurements: FS, fractional shortening; EDD, end-diastolic dimension; AWT, anterior LV wall thickness; PWT, posterior wall thickness; Echo LV Wt, calculated LV mass by echocardiography. NS, not significant. than 0.3 and less than 10; this allowed us to exclude genes that showed little variation across samples.
3) The variation within replicate array was greater than 0 and less than 0.5; this filtering excluded genes that had inconsistent expression values within replicate arrays.
Before clustering, the expression values across all samples were standardized to a mean of 0 and standard deviation of 1. These standardized values were used to estimate correlations between the samples and to define the clustering nodes. For initial clustering, each sample was treated individually to obtain sample distribution. Subsequently, replicate arrays from each experimental group were pooled. To assess the reliability of the clusters generated, each cluster was resampled 30-40 times. A gray-scale bar, with black representing genes that belonged to the same cluster in all resamplings and white representing genes that were irreproducible upon resampling, accompanies each cluster.
Real-time RT-PCR amplification. Real-time RT-PCR reactions were carried out in iCycler IQ Real-Time Detection Systems (Bio-Rad). SuperScript One-step RT-PCR with Platinum Taq kits (Invitrogen) were used for all real-time RT-PCR amplification in a total volume of 50 l, which contained 200 ng total RNA, 5 mM MgSO 4, 500 nM forward and reverse primers, and 200 nM fluorogenic probe. Real-time RT-PCR amplification for each RNA sample was performed in triplicate. For the actin-␣1 and four-and-a-half domain genes, one RNA sample of each group was assessed with this method. For the osteoblast-specific factor and orosomucoid 1 genes, two independent RNA samples from each group were used for validation. One no-RT (without reverse transcriptase) control for each RNA sample and one no-RNA (substitute RNA with distilled H 2O) control for each primer and probe set were also performed. The one-step real-time RT-PCR condition is as follows: 15 min at 50°C and 5 min at 95°C, followed by a total of 45 two-temperature cycles (15 s at 95°C and 1 min at 60°C). Relative gene expression analysis is carried out using the standard curve method (11, 26) .
Northern blotting. Five micrograms of total RNA from individual LV samples was size-fractionated by electrophoresis in 1.2% agarose-formaldehyde gel and transferred to a nitrocellulose membrane (Schleicher and Schuell). The membrane was prehybridized for 10 min and hybridized with specific probes for 1 h in QuikHyb solution (Stratagene) at 68°C. After hybridization, the membrane was washed and exposed to autoradiography film. The membrane was stripped (0.1ϫ SSC, 0.1% SDS) for sequential hybridization. Stripping was verified by autoradiography. Probes were generated by PCR as full-length cDNAs for each specific gene. The cDNA fragments were radiolabeled with [␥-32 P]deoxycytidine triphosphate (New England Nuclear/Dupont) using random priming.
RESULTS
Body weights were similar in mice randomized to acute vs. chronic banding for each sex at the time of aortic banding.
Characteristics of mice 30 wk after aortic banding (Table 1) . Thirty weeks after aortic banding, body weights were similar between female banded and female sham mice and between male banded and male sham mice, but were significantly greater in male mice compared with female mice (two-factor ANOVA P ϭ 0.0001). Transverse aortic constriction for 30 wk resulted in significant increases in LV weight in both banded females (t-test P ϭ 0.01) and males (t-test P ϭ 0.002) compared with their sex-matched sham controls. The increase in LV weight in female banded mice was similar to the increase in male banded mice [twofactor interaction term P ϭ not significant (NS)]. Similar effects were observed for LV wet weight/body weight (LV wet wt/BW). Fractional shortening, a measure of systolic function, was similar among all groups, indicating that systolic function was preserved at this stage of compensatory hypertrophy. End diastolic dimension (EDD), a measure of LV cavity dimension relative to LV wall thickness, was slightly but not significantly increased in female or male banded mice vs. their sex-matched sham controls as analyzed by t-test. According to two-factor ANOVA, EDD was significantly increased in banded groups (P ϭ 0.01), but there was no significant effect of sex, and the interaction of sex and banding was not significant. Anterior LV wall thickness (AWT) was significantly increased in female banded mice compared with female sham mice (t-test P ϭ 0.01), and there was a strong trend for an increase in AWT in male banded vs. male sham mice (t-test P ϭ 0.06). By two-factor ANOVA, there was a significant effect of banding on AWT (P ϭ 0.006), but P call %, percentage of genes found to be expressed on the array; single outlier, a probe that behaves as an outlier in one or a few arrays due to artifacts or marks on the array; array outlier, a probe that behaves as an outlier in all the arrays due to cross-hybridization. SE, standard error of the mean. no significant effect of sex or interaction (P ϭ NS). Posterior LV wall thickness (PWT) was significantly increased in both female and male banded mice compared with their sex-matched sham mice (t-test, both P ϭ 0.02). By two-factor ANOVA, there was no significant effect of sex on PWT, a highly significant effect of banding (0.0003), and a significant interaction between sex and banding on PWT (P ϭ 0.048). This suggests that the magnitude of the increase in posterior wall thickness in response to aortic banding was greater in female compared with male mice, although the magnitude of hypertrophy was similar in males and females. LV weight calculated by echocardiography (Echo LV weight) was significantly increased in female banded vs. female sham mice (t-test P ϭ 0.005) and in male banded vs. male sham mice (t-test P ϭ 0.02). Twofactor ANOVA revealed a significant effect of banding on Echo LV weight (P ϭ 0.0001), but no significant effect of sex and no significant interaction (P ϭ NS). The correlation between post mortem LV weight and echocardiography calculated LV weight was 0.911.
In summary, these results demonstrate significant LV hypertrophy due to transverse aortic constriction for 30 wk, which was similar in magnitude between male and female banded mice. LV systolic function (fractional shortening) was similar among all groups, demonstrating preservation in contractile function at this stage of compensatory hypertrophy. A subtle difference in geometric remodeling between male and female mice was revealed through the observation of a significantly greater magni- Fig. 1 . Quality control for microarray analysis. Scatter correlation plots of gene expression in representative samples. Black dots indicate probes that were expressed in both arrays, whereas yellow dots represent probes that were expressed in only one of the two arrays or had marginal expression. Note that intra-group correlation (top) is tighter than the intergroup correlation. Similar scatter plots were observed in all other samples (data not shown). The genes were filtered so they will be present in at least one of the arrays compared and having 90% probability of changing at least 1.2ϫ.
LEFT VENTRICULAR GENOMIC RESPONSE TO PRESSURE OVERLOAD
Physiol Genomics The percentage of single outliers (due to artifacts in a single array) or percentage of array outliers (due to cross hybridization) was below the 5% threshold that is considered a warning of sample contamination or hybridization problems (Table 2) , (13) . Median signal intensities were similar among individual arrays, indicating good reproducibility (mean median signal intensity ϭ 87.5 Ϯ 2.1, Table 2 ). Representative linear correlation matrices of transcripts expressed in at least one of two arrays for sham and banded samples at day 1 are shown in Fig. 1 . Within-group comparisons (banded vs. banded) exhibited a tighter correlation compared with between-group comparisons (banded vs. control sham). These figures are representative of all inter-and intra-group comparisons (data not shown).
Expression profiles in response to pressure overload (Table 3) . Initial analysis using the 1.2-fold, 90% lower bound cutoff identified the number of transcripts whose level of expression changed when compared among the experimental groups. When t-tests were applied, all transcripts passed the P Ͻ 0.1 cutoff criterion with ϳ80% of those also passing the P Ͻ 0.05 cutoff criterion (data not shown).
The number of genes changing in response to acute pressure overload (male banded acute vs. male sham acute, 269; female banded acute vs. female sham acute, 110) was greater than the number of genes changing in response to chronic pressure overload (male banded chronic vs. male sham chronic, 53; female banded chronic vs. female sham chronic, 56). In both males and females, upregulated genes were predominant (95% in males and 84% in females) during acute pressure overload. Upregulated genes also predominated in response to chronic (30 wk) pressure overload, although this effect was less pronounced than in response to acute load, and the percentage was similar between males and females (60% in males and 59% in females). Venn diagrams (Fig. 2, A and B) demonstrate that the number of genes common to both acute and chronic samples (males, 10; females, 12) is small, indicating distinct, nonoverlapping expression profiles during acute vs. chronic overload. The known hypertrophic marker genes, such as brain natriuretic peptide and skeletal actin, were upregulated in both males and females in response to both acute and chronic pressure overload. Notably, all of the genes, with the exception of cyritestin, exhibited the same directional change (either up-or downregulation) during acute and chronic overload. Cyritestin, an ADAMs family member not previously reported as expressed in the heart (19), was upregulated following acute overload and downregulated following chronic overload.
Effects of sex differences on expression profiles. The acute response to pressure overload in males, as deter- Comparisons of differentially regulated genes. Venn diagrams were produced comparing the number of genes altered in comparisons between banded and sham samples in response to acute or chronic pressure overload in males and females. A: genes differentially regulated between male banded mice (MB) vs. male sham mice (MS) acutely, chronically, or both. Note that only a small number of genes were regulated in response to both acute and chronic pressure overload in male mice. B: genes differentially regulated between female banded mice (FB) vs. female sham mice (FS) acutely, chronically, or both. Note that only a small number of genes were regulated in response to both acute and chronic pressure overload in female mice. C: genes differentially regulated between banded mice vs. sham mice in response to acute pressure overload in male mice, female mice, or both. Note that only a small number of genes were regulated in response to acute pressure overload in both sexes. D: genes differentially regulated between banded mice vs. sham mice chronically in males, females, or both. Note that only a small number of genes were regulated in response to chronic pressure overload in both sexes. Table 3 were subjected to further filtering (described in MATERIALS AND METHODS) and analyzed by hierarchical clustering. A total of 263 genes passed these filtering criteria. Initially, both genes and individual samples were clustered to reveal sample distribution. The 1 day (acute) and 30 wk (chronic) time points formed distinct clusters (Fig. 3) . Furthermore, within both time points the individual aortic-banded samples were separated from the sham samples. These cluster distributions strongly supported the small intergroup variance of the physiological parameters of hypertrophy, as well as the high quality of the data, and validated our filtering criteria. This enabled us to pool replicate samples from each group, and in this manner genes with similar patterns of expression were identified.
Cluster analysis revealed that the two largest clusters consisted of genes upregulated in response to acute and chronic LV pressure overload. The cluster shown in Fig.  4C comprised 77 genes that were upregulated only during acute pressure overload in both males and females. The cluster shown in Fig. 4B comprised 53 genes that were upregulated during acute pressure overload and further upregulated during chronic pressure overload in both males and females. Interestingly, no cluster was found to contain genes that were upregulated during chronic, but not acute pressure overload, although individual genes displayed this pattern (data not shown). The genes forming the two identified unique clusters are grouped according to function and are shown in Tables 4  and 5 . According to function, immunity/inflammation/ stress response genes, extracellular matrix, and cytoskeletal genes are well-represented during the acute response, and transcription regulation, extracellular matrix, and cytoskeletal genes are well-represented in the cluster of genes upregulated following acute overload that remain elevated in chronic overload. Twenty-nine unassigned genes were upregulated during acute overload and 10 unassigned genes were upregulated during acute overload that remained elevated during chronic overload.
Sex dimorphic responses to pressure overload. Sex dimorphic gene clusters were identified and are shown in Fig. 5 and Table 6 . Figure 5A shows a cluster of genes that was upregulated in males but downregulated in females during acute pressure overload. Figure 5B shows a cluster of genes that was upregulated in females and not changed in males during acute pressure overload. Figure 5C shows a cluster of genes that was upregulated in males and not changed in females during acute pressure overload. Immunity/ inflammation/stress response genes are strongly represented in these clusters and appear to be sex dimorphic. In addition, nine unassigned genes were identified as responsive to pressure overload in a sexdimorphic manner.
Validation by Northern blotting and real-time RT-PCR. Validation of our microarray data was performed on nine genes. Northern blotting (Fig. 6A) demonstrated that lipocalin and serine protease inhibitor-2 were increased in response to acute LV pressure overload, and cardiac ankyrin repeat protein and connective tissue growth factor (FISP-2) were increased in response to both acute and chronic pressure overload in agreement with the microarray data. Real-time RT-PCR demonstrated that four-and-a-half LIM domains was upregulated in response to acute pressure overload, and skeletal ␣-actin and osteoblast-specific factor-2 were upregulated in response to both acute and chronic LV pressure overload, in agreement with the microarray data. Orosomucoid 1 was increased in males and decreased in females in response to acute pressure overload, as was observed by microarray analysis. The fold changes observed by real-time RT-PCR were similar in magnitude and direction to the fold changes observed by microarray analysis (Fig. 6B) . One additional gene, Down syndrome critical region-1, was validated by our group to be increased in chronic LV pressure overload in vivo and was recently published (24) .
DISCUSSION
We employed DNA microarray hybridization to evaluate the patterns of expression that occur in response to acute and chronic cardiac pressure overload in vivo. Transverse aortic constriction produced pressure overload as a stimulus for the development of concentric GenBank accession numbers, gene name, and probable function are listed for each gene. Genes were identified by hierarchical clustering. The fold changes in gene expression in banded vs. sham samples in response to acute and chronic pressure overload are presented.
hypertrophy resembling the clinical scenario observed in patients with hypertension or aortic stenosis. In this study, we used multiple samples per group and individual hearts were sampled on arrays. The quality of hybridization was confirmed when experimental analysis demonstrated that the percentages of expressed genes were similar among the arrays and the number of probe outliers due to cross-hybridization and artifacts extremely low. Importantly, following filtering for cluster analysis, samples fell into distribution according to time point and experimental procedure (aortic banded vs. sham).
The microarray data presented in the present study were validated for nine genes using alternate techniques. Using Northern blotting, we detected a similar increase in DSCR1 in response to acute and chronic pressure overload, and this finding was recently published by our group (24) . Original data for the validation of lipocalin-2, serine protease inhibitor-2, cardiac ankyrin repeat protein, connective tissue growth factor, four-and-a-half LIM domains, skeletal ␣-actin, osteoblast-specific factor 2, and orosomucoid 1 are presented in the present study. Thus the consistency of microarray results to the validation results obtained using alternate techniques in this study as well as to data in published literature provide confidence in these results.
Of 12,483 probes, 930 genes were load-responsive under one or more conditions. Hierarchical clustering revealed several clusters of genes that were upregulated in response to acute pressure overload that either remained elevated or that returned to baseline during chronic overload. Surprisingly, we did not observe gene clusters that were regulated in response to chronic pressure overload alone. These data indicate that the acute molecular response to hypertrophy may be an important determinant of later remodeling, prior to the clinical, pathophysiological manifestations of hypertrophy and failure. We documented through echocardiography that aortic-banded hearts were at a stage of compensatory hypertrophy and not in failure. The number of genes differentially regulated during chronic compensatory hypertrophy (slightly greater than 50 in both males and females) demonstrates that compensation is an active process of up-and downregulation of gene expression. The scope of this active compensatory process has not previously been appreciated prior to the application of the genomics approach. Further studies are needed to determine the changes in expression during the transition to cardiac failure.
The present study confirms the consistent finding of increased atrial natriuretic peptide and ␤-actin in cardiac hypertrophy (10) as well as following myocardial Fig. 5 . Sex-specific differences in the response to pressure overload. As in Fig. 4 , hierarchical clustering was performed on the average signal within each group. The resultant plot was examined for genes exhibiting sex-related patterns. A: genes upregulated in male mice but downregulated in female mice in response to acute pressure overload. B: genes upregulated only in female mice in response to acute pressure overload. C: genes that are upregulated only in male mice in response to acute pressure.
infarction (20) . We observed increased expression of genes in response to chronic pressure overload that were recently shown to be increased in human heart failure (21), including connective tissue growth factor, thrombospondin, osteoblast-specific factor 2, and collagen-␣ type 1. Thus these genes may likely not be considered markers of cardiac failure, as we have documented the absence of LV decompensation revealed by similar fraction shortening (systolic function) in all groups.
We also observed increased expression of transcripts recently reported to be increased following myocardial infarction using transcriptional profiling (20) , including calcium binding protein, collagens, fibronectin, cathepsin, kinesin, transforming growth factor-induced transcript, osteoblast-specific factor 2, caveolin, and ankyrin-like repeat protein, suggesting some conservation in the myocardial response to injury and to hemodynamic overload. Enhanced expression of genes from functional categories comprising the extracellular matrix, transcription factors and gene regulation, receptor and cell signaling, defense, and metabolism as well as several nonannotated transcripts were revealed to be responsive to load. In addition, our analysis identified genes not previously associated with cardiac hypertrophy. The ankyrin repeat domain 2 protein (Arpp), for example, is a homolog of the known cardiac marker, cardiac ankyrin repeat domain (Carp). Arpp has been shown to be expressed in the heart ventricle but has thus far only been associated with skeletal muscle hypertrophy (22) . In addition, the protein inhibitor of activated T cells, STAT3, was found to be upregulated both acutely and chronically. STAT3 had been recently shown to contribute to cardiac adaptation by regulating vascular function under conditions of stress and has been associated with controlling the transition to failure (18, 29 ). Here we demonstrate its expression before the development of failure.
Numerous in vivo and in vitro studies indicate that the cellular mechanisms responsible for the integrated response to pressure overload are complex (4) , and the influence of sex difference in these pathways is unknown. Clinical and experimental studies have documented that sex influences the response to pressure overload (8, 23, 15) . Clinical studies have documented that female patients with a similar degree of aortic stenosis frequently demonstrate thick-walled chambers (i.e., more favorable geometric remodeling) compared with male patients (1, 2). Studies focusing on small numbers of genes have shown intrinsic differences in the molecular adaptation to pressure overload independent of factors extrinsic to the myocardium (25) . The present study addresses this extensively using transcriptional profiling. Several genes showed differing degrees of upregulated expression between males and females (Tables 4 and 5 ). Among these were serine protease inhibitor, lipocalin, LIM protein, initiation factor eIF-4AI, thrombospondin, catalase, Drosophila enabled homolog, WD repeat domain protein, programmed cell death 6 interacting protein, Sp1 transcription factor, and caveolin, as well as several transcripts not currently annotated.
Of additional interest are the three identified sex dimorphic clusters, which contain genes with differential patterns of expression between males and females. Interpretation of sex-related changes in gene reprogramming in response to pressure overload must take into consideration the magnitude of LV hypertrophy in male and female banded animals of identical age. A potential limiting factor in this model is the comparability of the systolic pressure overload, because a similar size occlusion was placed on the aortas of male and female mice of differing body weights. We have not determined the pressure gradient at the time of band- ing in male vs. female mice, and therefore we cannot rule out a difference; however, in response to this systolic pressure overload, the resulting magnitude of LV hypertrophy was similar in male and female aorticbanded mice, making any difference unlikely. The magnitude of changes in end-diastolic dimensions and anterior wall thickness were also similar in male and female banded mice. Interestingly, a subtle difference in geometric remodeling between male and female mice was observed: the magnitude of increase in posterior wall thickness was significantly higher in female compared with male banded mice. We cannot determine from the results in this study whether the sexspecific differences in gene expression contribute to or are the result of this difference in geometric remodeling, or whether these sex differences persist during cardiac failure. The transcript for the estrogen receptor has positively been identified in cardiac myocytes from both male and female animals (25) , demonstrating the potential for estrogen receptor signaling in this cell type, although estrogen receptor signaling would presumably be much lower in males vs. females, due to an order of magnitude lower level of serum estrogen in males (16) . Estrogen has been shown to regulate certain myosin isoforms and other structural proteins (16, 25) . Further studies to determine the potential regulation by estrogen or other mechanisms involved in the sex-specific response to heart are needed. Little is known about the effects of testosterone signaling on gene expression in the myocardium. Many of the sexspecific genes identified in this study are novel, nonannotated genes or genes not previously shown to be expressed in the heart. One of these, orosomucoid (␣1-acid glycoprotein, AGP), was validated as a differentially regulated gene in this study using real-time RT-PCR. Orosomucoid 1 has not previously been shown to be expressed in the heart. Orosomucoid is excreted in the urine, and its urinary excretion rate was increased in patients with type II diabetes and found to predict all-cause and cardiovascular mortality in these patients (5) . Its myocardial expression level in heart failure is not known. In addition, FK506 binding protein 5 (51 kDa) was found to be exclusively upregulated acutely in females. This protein is a potent inhibitor of the glucocorticoid receptor (7) and is involved in controlling steroid receptor localization and transport (6) . Further studies are warranted to uncover novel pathways and mechanisms associated with these genes to understand the molecular basis for sex differences in cardiac hypertrophy and failure.
